Abstract. The present study aimed to establish an oxygen-glucose deprivation (OGD) model of ischemic and hypoxic cerebral neurons to investigate the protective effect of mild hypothermia on neuronal OGD and its mechanisms. OGD injury was significantly mitigated in cells with 24 h of mild hypothermia compared with cells without mild hypothermia; cell morphology improved, the lactic acid dehydrogenase (LDH) release rate was decreased, cytoactivity was increased and the neuronal apoptotic rate was decreased. By contrast, no significant improvement in injury was observed after 6 h of mild hypothermia. This suggests that mild hypothermia treatment following OGD is effective only when implemented for 24 h. Additionally, the caspase-3 activity of neurons increased following OGD, which was positively associated with the neuronal apoptotic rate. However, the caspase-3 activity after 24 h of mild hypothermia was reduced. Simultaneously, the neuronal apoptotic rate was decreased, suggesting that mild hypothermia may inhibit neuronal apoptosis by reducing caspase-3 activity. Therefore, reducing caspase-3 activity potentially constitutes one of the protective mechanisms of mild hypothermia in neuronal OGD.
Introduction
Currently, mild hypothermia is widely used to treat ischemic and hypoxic encephalopathy in a clinical setting. Several studies (1) (2) (3) (4) have shown that mild hypothermia inhibits the generation and release of oxygen free radicals and inflammatory reactions following cerebral ischemia and hypoxia, to protect the central nervous system by reducing the oxygen consumption of brain tissues. Previous studies (5, 6) have identified that mild hypothermia improves nerve function in ischemic and hypoxic encephalopathy by reducing neuronal apoptosis. Apoptosis is closely associated with the caspase protease family. Therefore, the protective effect of mild therapeutic hypothermia on neurons may be associated with the caspase family proteases. Mild hypothermia inhibits caspase-3 activation induced by ischemia-reperfusion injury (7) and reduces H 2 O 2 -induced caspase-3 activity in myocardial cell injury (8) .
It also reduces caspase-3 activity in the serum of neonates with ischemic and hypoxic encephalopathy (9) . Thus, the protective effect of mild hypothermia treatment on the brain may be achieved by reducing caspase-3 activity following hypoxia and ischemia. However, its protective effect and mechanisms have not yet been fully elucidated. The start time, duration and specific temperature used when applying mild systemic and local hypothermia to the head remain debatable; a limited number of studies have challenged the protective effect of mild hypothermia on the brain (10) (11) (12) (13) (14) . Therefore, further studies are required to verify the protective effect of mild hypothermia and its mechanism of action.
Studies on the protective effect of mild hypothermia on the brain are divided into in vivo and in vitro trials. In vivo trials usually simulate cerebral ischemia and hypoxia by blocking blood flow to the brain, whereas in vitro trials typically use the current neuronal oxygen-glucose deprivation (OGD) model. In vivo trials have many experimental factors and are characterized by poor control and comparability. Nerve cells cultured in vitro retain the physiological characteristics associated with in vivo neurons and are widely cultured and used to replace in vivo nerve cells in experimental studies. A model of a nerve cell cultured in vitro in hypoxic, sugar-deficient medium has been accepted as a suitable model for simulating brain tissue ischemic injury in vivo. This model is widely used to investigate cerebral ischemic and hypoxic diseases (15, 16) .
Currently, the majority of studies on the protective effect of mild hypothermia are conducted using OGD and mild hypothermia. However, immediately applying mild hypothermia treatment is difficult during cerebral ischemia and hypoxia. Usually, mild hypothermia treatment is conducted a period of time after cerebral ischemic and hypoxic injury occurrence. To confirm the protective effect of mild hypothermia following cerebral ischemic and hypoxic injury, previous experimental methods must be modified, in which mild hypothermia treatment is performed after OGD. The present study used the in vitro experimental method, which applies mild hypothermia after inducing OGD to investigate the protective effect of mild hypothermia on neurons and the potential underlying mechanisms.
Materials and methods
Cell culture. Approximately 0.1 g/l polylysine was used to seal the culture dish for 3 days. Suckling rats aged 1-3 days were provided by the Experimental Animal Center of Sun Yat-sen University (Guangzhou, China). After disinfecting the skin of each rat, the scalp and skull were cut open and brain tissues were immediately removed and placed into a culture dish containing phosphate-buffered saline (PBS). Using an operating microscope, hippocampal tissues were separated and placed in a centrifuge tube containing Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Gibco, Carlsbad, CA, USA) followed by gently sucking in and out using a suction tube. Subsequently, the mixture was centrifuged for 5 min at 352 x g and the supernatant was removed. DMEM/F12 containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) was added to the remaining precipitate to resuspend the cells. Additionally, trypan blue was used to count the number of active cells. The active cells were inoculated into a culture dish (1x10 6 cells/ml) and incubated in an incubator containing 5% CO 2 at 37˚C. After 24 h, the medium was replaced with a medium containing 2% B27. On the third day, cytosine arabinoside at a final concentration of 5 µmol/l was added to the cells for 24 h. The culture liquid was replaced once every three days. Neuronal growth and cell morphology were observed. On the 8th day, identification of neuronal microtubule-associated protein 2 (MAP-2) using fluorescence immunohistochemistry was conducted.
Model establishment and groups. An incubator containing three gases was preset to a hypoxic status (37˚C, 0.1% O 2 , 5% CO 2 , 94.5% N 2 ). On the 8th day of culture, the hippocampal neurons and culture medium were removed and 2 ml of sugar-free Earle's liquid (6.80 g NaCl, 0.40 g KCl, 0.20 g CaCl 2 , 0.20 g MgSO 4 ·7H 2 O, 1.14 g NaH 2 PO 4 ·2H 2 O and 2.20 g NaHCO 3 were dissolved in triple-distilled water to prepare a 1,000-ml solution. The pH value of the solution was adjusted to 7.4 and a micropore filter used for filtration sterilization) was added, followed by culture in a hypoxic incubator for 2 h. The cells were then collected and the original culture medium was added. The cells were placed into the common incubator (37˚C, 19% O 2 , 5% CO 2 ) or the mild hypothermic incubator (32˚C, 19% O 2 , 5% CO 2 ) according to the different groups; the cells were observed and detected after 24 h of reoxygenation. The experimental cells were randomly divided into 4 groups (n=6); the normal control, simple OGD and two mild hypothermic groups (for 6 h or 24 h following OGD). With the exception of the normal control group, the duration of OGD for the groups was 2 h. After OGD, all cells were treated with reoxygenation for 24 h, followed by detection. The present study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (17). The animal use protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Sun Yat-sen memorial Hospital of Sun Yat-sen University (Guangzhou, China).
Morphological observation.
For the various groups of cells, the cell culture medium was removed following reoxygenation for 24 h. Pre-cooled prefixation liquid at 4˚C (2% glutaric dialdehyde and 2.5% paraformaldehyde) was added to perform fixation for 15 min. The cells were removed with a cell scraper and centrifuged for 10 min at a low temperature at 626-1,409 x g. This caused cells in the centrifuge tube to precipitate into a mass. Finally, the cells were stored at 4˚C and sent to the Electron Microscopy Laboratory in the North Campus of Sun Yat-sen University (Guangzhou, China) for observation.
Lactic acid dehydrogenase (LDH) release rate detection.
Following cell injury, cytoplasmic LDH was partially released into the culture medium. A higher LDH release rate indicated more serious cell injury. LDH release rate (%) = extracellular LDH activity/total cell LDH activity. LDH activity was detected in a 7600-010 full automatic biochemical analyzer (Hitachi, Tokyo, Japan). Firstly, 50 µl of the culture medium was used to detect extracellular LDH activity. Then, Triton X-100 lysate was added for cell disruption. The supernatant was collected for detection of LDH activity (18) .
MTT assay. The neurons were cultured in a 96-well plate until day 8. The OGD experimental methods and groups were the same as those mentioned previously. Following reoxygenation for 24 h, 20 µl of MTT solution at a concentration of 5 mg/ml (Amresco, Inc., Solon, OH, USA) was added to each well. The cells were incubated at 37˚C for 4 h. Subsequently, the supernatant was removed and 150 µl dimethyl sulfoxide (DMSO; Amresco, Inc.) was added to each well. After the plate was agitated for 10 min, the absorbance of each well was detected at 492 nm using a microplate reader. The mean of the various wells in each group was considered to be the final result. Cytoactivity (%) = optical density (OD) of the test group/OD of the normal control group.
Flow cytometry. Following reoxygenation for 24 h, the groups of cells were digested with trypsin, collected and centrifuged. The supernatant was then removed and the cells were resuspended using binding buffer solution. Annexin V-FITC (Bender MedSystems, Vienna, Austria) and propidium iodide (PI; Sigma, St. Louis, MO, USA) were added, followed by shaking. The mixture was allowed to react for 15 min at room temperature in the dark and a flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) was used to determine the apoptotic rate.
Caspase-3 activity. Caspase-3 is an effector of apoptosis. Apoptosis is more pronounced with increased caspase-3 activity. The total protein in the neuronal cytoplasm was extracted and then the actual caspase-3 concentration was detected. Subsequently, 200 µg of caspase-3 was collected and treated using the caspase-3 colorimetric determination reagent kit (BioVision, Inc., Milpitas, CA, USA), according to the manufacturer's instructions. The absorbance at 405 nm of each well was detected with a microplate reader. Fold increase of caspase activity = OD of the test group/OD of the normal control group.
Statistical analysis. The measurement data were expressed as the mean ± standard deviation (SD). A t-test was used to compare the means between samples. A test for the homogeneity of variance was conducted. All the calculations were performed using SPSS 13.0 statistical software. P<0.05 was considered to indicate a statistically significant difference.
Results

Hippocampal neuron culture and identification results.
Following MAP-2 immunofluorescence staining, cortical neurons cultured for 8 days emitted fluorescence when examined under a fluorescence microscope (green light excitation). The endochylema and axons of the hippocampal neurons emitted a high level of fluorescence, whereas the nuclei emitted no fluorescence (Fig. 1A) . Nonspecific nuclear fluorescent staining with Hoechst 33258 revealed all the nuclei (including glial nuclei; Fig. 1B) . After the two images were combined, the hippocampal neurons were revealed to account for >90% of the cultured cells (Fig. 1C) .
Protective effect of mild hypothermia on neuronal morphology. After 24 h of culture under OGD/reoxygenation, various groups of hippocampal neurons were observed. In the normal control group, the organelles were integrated and regularly arranged. Mitochondria and endoplasmic reticulum were smooth, no edema, cavities or swelling were observed, with clear cell structure (Fig. 2A) . In the simple OGD group, the organelles were not integrated and were partially degraded. Their structures were unclear. The mitochondria appeared swollen and more cavities were observed (Fig. 2B) . In the group treated with mild hypothermia for 6 h following OGD, the organelles were not integrated and the cell structure was unclear. However, the mitochondria was slightly swollen and cavities were visible (Fig. 2C) . In the group treated with mild hypothermia for 24 h following OGD, the organelles were more integrated and the arrangement was regular. Few cavities were observed in the mitochondria and it was swollen. No edema was observed (Fig. 2D) .
Mild hypothermia reduces neuronal LDH release rate.
Following OGD, the LDH release rate of nerve cells was markedly increased; the LDH release rate of the simple OGD group was significantly higher compared with that of the normal control group (P<0.01). No significant difference in LDH release rate was observed between the mild hypothermia for 6 h following OGD group and the simple OGD group (P>0.05). Compared with the simple OGD group, the LDH release rate of the mild hypothermia for 24 h following OGD Figure 1 . Hippocampal neuron culture and identification. (A) Following MAP-2 immunofluorescence staining, the endochylema and axons of the hippocampal neurons emitted a high level of fluorescence, whereas the nuclei emitted no fluorescence (x200); (B) nonspecific nuclear fluorescence staining with Hoechst 33258 stained all the nuclei (including glial nuclei), whereas the endochylema emitted no fluorescence (x200); (C) after the two images were combined, the hippocampal neurons were revealed to account for >90% of the cultured cells (x200). MAP-2, microtubule-associated protein 2. Mitochondria and endoplasmic reticulum were smooth and no edema, cavities or swelling were observed, with clear cell structure (x15,500). (B) In the simple OGD group, the organelles were not integrated, partial organelle degradation was evident and the cell structure was unclear. The mitochondria appeared swollen and cavities were visible (x15,500). (C) In the mild hypothermia for 6 h following OGD group, the organelles were not integrated and the cell structure was unclear. However, the mitochondria were slightly swollen and cavities were visible (x21,000). (D) In the mild hypothermia for 24 h following OGD group, the organelles were more integrated and the arrangement was regular. Few cavities were observed in the mitochondria and it was swollen. No edema was observed (x15,500). OGD, oxygen-glucose deprivation.
group was significantly reduced and the difference was statistically significant (P<0.01; Fig. 3 ).
Mild hypothermia increases neuronal activity and reduces the apoptotic rate. Following OGD, the cytoactivity of nerve cells was significantly reduced, while the neuronal apoptotic rate significantly increased; the cytoactivity of the simple OGD group was significantly lower compared with that of the normal control group, whereas the neuronal apoptotic rate was significantly higher in the simple OGD group compared with the normal control group (P<0.01). No significant differences in cytoactivity and neuronal apoptotic rate were observed between the mild hypothermia for 6 h group and the simple OGD group (P>0.05). Compared with the simple OGD group, the cytoactivity of the mild hypothermia for 24 h group was significantly higher and the neuronal apoptotic rate was significantly reduced. Both differences were statistically significant (P<0.01; Figs. 4 
and 5).
Mild hypothermia reduces caspase-3 activity in neuronal cytoplasm. Following OGD, the caspase-3 activity of the nerve cells significantly increased; the caspase-3 activity of the simple OGD group was significantly higher compared with that of the normal control group (P<0.01). Compared with the simple OGD group, the caspase-3 activity of the mild hypothermia for 6 h and the mild hypothermia for 24 h groups was significantly lower and these differences were statistically significant (P<0.05; Fig. 6 ).
Discussion
Nerve cells cultured in vitro retain the relevant physiological characteristics of in vivo neurons. Currently, they are widely cultured to replace in vivo nerve cells in experimental studies (19) (20) (21) (22) . The in vitro OGD model controls the extracellular environment more simply and accurately than the in vivo model. Therefore, it is often used to investigate changes in biochemistry and cell morphology induced by ischemia and hypoxia and the relevant molecular biology mechanisms (23) . Simulating ischemia and hypoxia among in vivo neurons using the OGD model is currently an important research topic and the model is widely used to investigate ischemic and hypoxic encephalopathy (24) (25) (26) (27) .
Mild hypothermia remains vital to treatment following cerebral ischemic and hypoxic injury. However, the specific methods and details for the application of mild hypothermia have not yet been unified and different viewpoints exist with regard to its curative effect. In clinical research, Yokoyama et al (28) performed a multicenter investigation in Japan which showed that the circulation of 452 patients following cardiopulmonary resuscitation was restored after receiving mild hypothermia treatment for 31.5±13.9 h. Core temperature was maintained at 33.9±0.4˚C. Consequently, the survival rate of the patients after 30 days was 80.1%, with 55.3% of the patients retaining good nerve function. This result is significantly higher compared with that of patients who did not receive mild hypothermia treatment in previous studies (29) . Walters et al (30) reviewed the previously published literature and identified that after restoring the spontaneous circulation of cardiac arrest patients, mild hypothermia treatment improved nerve function and increased their survival rate. However, large-scale, high-level, multicenter and prospective studies in this area are limited. A number of studies (31) have demonstrated that mild hypothermia treatment improved the nerve function and long-term prognosis of acute spinal cord injury. In a previous study on animals (32) , 33˚C mild hypothermia treatment significantly improved the survival rate of a hemorrhagic shock rat model. Although the treatment disrupted coagulation function to a certain extent, it did not affect the prognosis. Noguchi et al (33) found that mild hypothermia inhibited ischemia-reperfusion injury and arteriolar vasoconstriction in a gerbil model of cerebral ischemia, thereby improving the survival rate in cerebral ischemic injury. Dalen et al (34) demonstrated that mild hypothermia significantly increased the neuronal survival rate following OGD and reduced the generation of inflammatory mediators in an OGD model of nerve cells cultured in vitro. Its protective effect was unrelated to oxygen concentration following reoxygenation. Liu et al (35) showed that mild hypothermia improved cellular metabolism in the OGD model of rat brain sections cultured in vitro, and that earlier hypothermia administration was more effective. As previously mentioned, it is generally considered that mild hypothermia has a protective effect on cerebral ischemic and hypoxic injury. However, a consensus has not been reached and further research is required.
In the present study, the cell injury-associated indicators in the mild hypothermia for 24 h following OGD group were significantly improved (P<0.01) and the cell morphology was also significantly improved compared with the simple OGD group. Furthermore, the LDH release rate was significantly reduced, the MTT assay showed that cytoactivity was significantly increased and the flow cytometry assay demonstrated that the neuronal apoptotic rate was significantly reduced. However, the cell injury-associated indicators in the mild hypothermia for 6 h following OGD group were not significantly improved compared with the simple OGD group (P>0.05). Mild hypothermia treatment for 24 h after OGD markedly relieves neuronal hypoxic and sugar-deficient injury caused by OGD, whereas mild hypothermia treatment for 6 h did not have a significant protective effect. These results suggest that mild hypothermia treatment after OGD requires application for a long duration, which is in agreement with previously reported research results (34, 36, 37) . Therefore, for ischemic and hypoxic cerebral injury, mild hypothermia treatment for 24 h is more effective. These results provide an effective theoretical basis for clinical mild hypothermia treatment in ischemic and hypoxic encephalopathy. However, a longer treatment period may not necessarily be better in terms of curative effect due to the potential side-effects of mild hypothermia. Therefore, further studies should be performed to determine the optimal treatment duration.
Mild hypothermia improves nerve function in ischemic and hypoxic encephalopathy by reducing neuronal apoptosis.
Cell apoptosis is closely associated with the caspase protease family. As a cysteine protease family, caspases are critical in apoptosis and are involved in the common pathway of apoptosis. Its members are effector molecules of caspase-3, which implement apoptosis. The period prior to caspase-3 activation is known as the reversible stage of apoptosis and the later period is known as the irreversible stage of apoptosis. Therefore, effectively inhibiting the occurrence and development of apoptosis by reducing caspase-3 activity is possible. Since caspase-3 is closely associated with apoptosis, numerous studies have utilized it as an indicator for evaluating the curative effects of drugs or methods on cerebral ischemic and hypoxic injury (38) (39) (40) (41) . Mild hypothermia may achieve its protective effect on the brain by reducing caspase-3 activity following hypoxia and ischemia.
In the present study, the caspase-3 activity of nerve cells following OGD significantly increased compared with normal control cells (P<0.01) and was positively associated with an increase in the neuronal apoptotic rate. This suggests that nerve cells may induce programed neuronal cell death following OGD by activating caspase-3, leading to a clear increase in apoptosis. Compared with the simple OGD group, the caspase-3 activity in the mild hypothermia for 24 h group was significantly decreased (P<0.01) and the neuronal apoptotic rate was also significantly reduced. This indicates that mild hypothermia may inhibit neuronal apoptosis by reducing caspase-3 activity. Compared with the simple OGD group, the neuronal apoptotic rate in the mild hypothermia for 6 h group was decreased, but the difference was not significant. However, caspase-3 activity was significantly reduced (P<0.05). The decrease in caspase-3 activity did not cause a significant reduction in the neuronal apoptotic rate, which is not consistent with the expected results of this study. These results suggest that the apoptotic mechanism is complex and that caspase-3 is only one of several factors that may affect it. This study showed that a decrease in caspase-3 activity may be one of the molecular mechanisms for the protective effect of mild hypothermia on the brain. These mechanisms are highly complex and remain to be fully elucidated; thus, further studies are required.
This study was an in vitro trial; however, nerve cells cultured in vitro are not identical to in vivo nerve cells. In vivo neurons are more complex and are widely connected to each other. They also have a lower tolerance for ischemia and hypoxia; thus, they are more easily damaged. Consequently, in vitro experiments are not equivalent to in vivo experiments, and in vitro experiments are unable to replace multicenter clinical studies. The present study provides only a direction and basis for further clinical studies and a model for investigating the relevant mechanisms.
In this study, the duration of mild hypothermia treatment was 6 or 24 h, without examining other time-points. Additionally, mild hypothermia was not applied for >24 h. For the treatment temperature, only 32˚C was selected and the effects of other temperatures and comparisons between high-temperature groups were not investigated. Therefore, the present study is not adequately comprehensive. Direction for future studies may include improvement of the present study to obtain a more comprehensive and reliable conclusion.
